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Sinusoidal vibrationAbstract A new simple and effective inertial parameter identiﬁcation method based on sinusoidal
vibrations of a six-degree-of-freedom parallel manipulator is proposed. Compared with previously
known identiﬁcation algorithms, the advantages of the new approach are there is no need to design
the excitation trajectory to consider the condition number of the observation matrix and the inertial
matrix can be accurately deﬁned regardless of the effect of viscous friction. In addition, the use of a
sinusoidal exciting trajectory allows calculation of the velocities and accelerations from the
measured position response. Simulations show that the new approach has acceptable tolerance of
dry friction when using a simple coupling parameter modiﬁed formula. The experimental
application to the hydraulically driven Stewart platform demonstrates the capability and efﬁciency
of the proposed identiﬁcation method.
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Parallel manipulators are becoming increasingly interesting in
the ﬁeld of machine tools and robotics owing to their high
power-to-weight ratio, load carrying capacity, and stiffness.
However, standard industrial controllers disregard coupling
relating to complex dynamic characteristics, which results indeviations from the desired motion.1 Hence, it is important
to establish a new control method that alleviates the inﬂuence
of coupling. One such control method referred to as the modal
space controller was recently proposed.2–4 However, it requires
precise inertial parameters to perform well. In this context, the
identiﬁcation of inertial parameters is an important issue in
high-performance motion control.
One of the most common methods for the determination of
these parameters is to develop a CAD model of the object. The
inertial parameters of parallel manipulators can be solved by
any CAD software based on geometric and material parame-
ters of parts in a relatively low cost, low time-consuming
way. However, the associated uncertainty could be as high as
15% when the system is complex.5 The uncertainty on the
composition and dimensions of the elements determines the
global uncertainty.
Fig. 1 Schematic diagram of a six-DOF parallel manipulator.
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nisms is a very active research ﬁeld and there is vast literature
on the topic. However, relatively few works have considered
identiﬁcation issues for parallel manipulators owing to the
limited workspace and complex dynamic equations. The rele-
vance of inertial parameter identiﬁcation lies in the fact that
accurate identiﬁcation of the inertial parameters underlying
the dynamic model is necessary in order to obtain realistic
dynamic simulation of mechanical systems. On the other hand,
the identiﬁed parameters can be used for the development of
advanced control schemes such as load compensation con-
troller6 or modal space controller.2–4 In conventional dynamic
identiﬁcation of parallel manipulators, the inverse dynamics
model is built and then expressed in the form of a linear matrix
with respect to the dynamic parameters to be identiﬁed, and
then a proper estimator is used to calculate these parameters
at a sufﬁcient number of points along exciting trajectories.
There are three important issues to consider: the estimation
equations, estimator and exciting trajectory.
To formulate estimation equations by rewriting the
dynamic model, the Newton–Euler formulation was ﬁrst
applied in.7 However, to reduce the computational cost for
real-time use, the model was signiﬁcantly simpliﬁed using only
the dynamics of the moving platforms. Vivas et al.8 then pro-
posed a coherent identiﬁcation method and applied it to the
experimental identiﬁcation of dynamic parameters of a four-
degree-of-freedom (DOF) parallel robot. However, an addi-
tional measurement for the accelerations of the moving plat-
form is required, which is not always possible. Abdellatif
et al.9 proposed estimation equations using the Newton–
Euler equations in combination with Jourdain’s principle,
but the physical information of the developed estimation
model is not particularly explicit. Chen et al.10 obtained the
dynamic model of an electrohydraulic motion simulator based
on a structured Boltzmann–Hamel–d’Alembert formulation,
where the estimation equations were explicitly expressed in lin-
ear form with respect to the base parameters of the minimal
dimension to be identiﬁed.
Normally, the estimation equations are solved for the
dynamic parameters using the least-squares estimator.11
Sometimes, to overcome the sensitivity to measurement noise,
the maximum-likelihood estimator is used to incorporate the
measured noise with its statistical characteristics of random
measurement error.12,13 However, when using a linear estima-
tor, friction is modeled with a simple linear model that ignores
the dry friction term. To identify the accurate dynamic and
friction parameters of a parallel manipulator with actuation
redundancy, a nonlinear friction model is constructed for the
joints to obtain an adequate dynamic model, and the
weighted-least-squares estimator was applied in Ref.14,15.
Farhat et al.16 proposed an optimization process to solve the
identiﬁcation problem of a three-DOF RPS parallel
manipulator when nonlinear friction models are included.
Vyasarayani et al.17 proposed a method to apply homotopy
for identifying the parameters in a mathematical model gov-
erned by a system of ordinary differential equations.
The last important issue is the exciting trajectory, which
should be well designed to obtain sufﬁcient information of
the dynamic parameters to be identiﬁed. Presse and Gautier
took the condition number of the observation matrix as the
design criterion of the optimal exciting trajectory to achieve
good relative accuracy.18 However, their optimization processrequires a set of optimized sampled conﬁgurations that must
obey the kinematic constraints of the mechanical structure at
all levels, which is difﬁcult to achieve. Swevers et al.19 then
proposed a dynamic parameter identiﬁcation method using a
single global trajectory that is parameterized using a ﬁnite
Fourier series function. Because of the advantage of obtaining
the velocities and accelerations in the frequency domain from
the analytical derivation of the designed Fourier series trajec-
tory and reducing the noise-to-signal ratio by averaging the
measurement data obtained for more than one cycle, this
method has received more attention in recent identiﬁcation
processes; see for example.20,21 Abdellatif et al.11 proposed
an identiﬁcation approach that separates the friction forces
and dynamic forces by especially designed point-to-point
motion. However, the point-to-point motion restricts the selec-
tion of the excited trajectory and the identiﬁcation accuracy is
worse.
Finally Koekebakker,22 in the inertial parameter identiﬁca-
tion for a six-DOF parallel manipulator, proposed an inertial
parameter identiﬁcation method by identifying a (6 · 6) iner-
tial matrix in six tests of persistently exciting periodic motion.
However, the application of such an identiﬁcation method has
the disadvantage that the coupling phase shift caused by vis-
cous friction of the cross term in the inertial matrix was
ignored. To overcome the disadvantage, a new inertial parame-
ter identiﬁcation method for a six-DOF parallel manipulator is
proposed in this paper.
The paper is organized as follows. Section 2 concisely sur-
veys manipulator modeling. This survey establishes the
terminology and notation used throughout the paper. The
new identiﬁcation principle based on sinusoidal vibrations is
presented in Section 3 and a novel inertial parameter identiﬁ-
cation method is then proposed in Section 4. Section 5 veriﬁes
the identiﬁcation process using a simulated hydraulically dri-
ven Stewart platform and then applies it to identify the
dynamic parameters of a real platform of the same structure.
Finally, conclusions are drawn.
2. Description of a six-DOF parallel manipulator
Fig. 1 is a schematic diagram of the six-DOF parallel manip-
ulator that is studied in the current paper. For this manipulator,
the spatial motion of the moving platform is generated by six
piston–cylinder actuators. Each piston–cylinder actuator con-
sists of two parts connected with a universal joint. The actuators
connect the ﬁxed base to themoving platform through universal
joints at points ai and bi, where i= 1–6, respectively. There are
inertial coordinates {B} for the base and ﬁxed coordinates {M}
for the moving platform.
584 T. Tian et al.The motion equations in the task space of the six-DOF par-
allel manipulator can be written as
Mt sxð Þ€xþ Ct sx; _xð Þ _xþ Bt sxð Þ _xþ Gt sxð Þ ¼ F ð1Þ
whereMt is a 6 · 6 inertial matrix in the task space, Bt sxð Þ is a
6 · 6 matrix caused of damping coefﬁcients for active and pas-
sive viscous friction, Ct sx; _xð Þ denotes the Coriolis–centrifugal
force, Gt sxð Þ the gravity force, and F ¼ JTlxðsxÞfa the platform
force in the task space; JlxðsxÞ is 6 · 6 Jacobian matrix relating
the platform velocities to the actuators length rates in the joint
space and fa is a 6 · 1 vector of the actuator output forces.
sx ¼ ½c; bT is the vector of the platform position containing
the translation c ¼ ½x; y; zT and Euler angle b ¼ ½/; h;wT. _x
and €x are the platform velocity and acceleration vectors;
_x ¼ ½ _c;xT and the platform angular velocity vector
x ¼ TPðbÞ _b. Here, the rotation matrix T and the rotation
ratio matrix PðbÞ are deﬁned asT ¼
cosw cos h cosw sin h sinu sinw cosu sinw sinuþ coswsh cosu
sinw cos h cosw cosuþ sinw sin h sinu sinw sin h cosu cosw sinu
 sin h cos h sinu cos h cosu
24 35
PðbÞ ¼
1 0  sin h
0 cosu cos h sinu
0  sinu cos h cosu
24 35
8>>>><>>>>:
ð2ÞAs shown in Fig. 1, the system includes 13 moving links (plat-
form, 6 pistons, 6 cylinders), but not all the inertial parameters
of 13 moving links contribute to the parallel manipulator
dynamics depending on the system conﬁguration, therefore,
only a subset of so-called base parameters can be identiﬁed.23
However, when a parameter identiﬁcation process is
performed experimentally, not even base parameters can be
correctly identiﬁed due to noises in measurements and
discrepancies in modeling.24 To avoid this problem, in this
paper, we choose the elements of inertial matrix in the task
space Mt as base parameters set for the six-DOF parallel
manipulator.
Then the main parameters to be determined are these
contained in the inertial matrix Mt, which represent the
inertial properties of the system. When considering
inertial effects of all the actuators of a six-DOF parallel manip-
ulator, the analytic formula inertial matrix is as described in
Appendix A.
3. Identiﬁcation based on sinusoidal vibrations
In this section, inertial parameters will be estimated by con-
sidering force, velocity and acceleration (through position)
measurements and evaluating these signals in a domain where
the basic equation ground harmonic force Fs;c is equal to mass
times acceleration plus the damping coefﬁcient times velocity
in matrix form; i.e., Fs;c ¼ Mt€xþ Bt _x:3.1. Basic concept
From Eq. (1), it is clear that the inertial matrix depends on
platform position sx. For a system to have only moderate non-
linear effects associated with sx, the excitation trajectory is
designed to have neutral position and sufﬁciently small posi-
tional amplitude, and Eq. (1) can then be written as
Mt€xþ Ctð _xÞ _xþ Bt _xþ Gt ¼ F ð3Þ
To drop out the Coriolis–centrifugal force Ct and gravity force
Gt, the excitation trajectory is chosen using six approximately
sinusoidal vibrations that span the six-DOF coordinate
space; the ground harmonic frequency is xt. Note that the
term Ct _xð Þ _x is quadratic in velocity and thus has
secondary signal components since 2 sin a cos a ¼ sinð2aÞ and
2 cos2 a ¼ 1þ cosð2aÞ. The term Gt is a constant signal
component.Therefore, F can be written as a Fourier series expansion
F ¼ h1 þ h2tþ h3 sinðxttÞ þ h4 cosðxttÞ þ h5 sinð2xttÞ
þ h6 cosð2xttÞ þ    ð4Þ
In convolution with the ground harmonic, Ct and Gt almost
disappear and Eq. (3) can be written as
Mt€xþ Bt _x ¼ Fs;c ð5Þ
Eq. (5) is the estimation equation of a new method proposed in
this paper for identifying inertial parameters, and is different
from the estimation equation proposed in the literature, which
has the disadvantage that the identiﬁcation result is inaccurate
when the phases associated with viscous friction for different
DOFs are not equal.22 The process is detailed in Appendix B.
3.2. New identiﬁcation principle
Consider the single sinusoidal vibration in the ith-DOF coor-
dinate space, the ground harmonic component in Eq. (5) can
be expressed as
Fs;c ¼ Hi½sinðxttÞ; cosðxttÞT ð6Þ
where Hi is the harmonic coefﬁcient matrix of the force Fs;c.
The platform position sx is expressed as
sx ¼ Ai sin xttð Þ; cos xttð Þ½ T ð7Þ
Fig. 2 Flowchart of identiﬁcation approach.
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position sx.
Because of the excitation trajectory condition, it is sup-
posed that T ¼ PðbÞ ¼ I33, here I33 is 3 · 3 identity matrix,
which means the platform velocity _x is equal to the derivative
of platform position s _x; i.e., _x ¼ s _x.
Using Eq. (7), the platform velocity _x is expressed as
_x ¼ xtAiQ sin xttð Þ; cos xttð Þ½ T ð8Þ
where Q ¼ 0 1
1 0
 
.
The platform acceleration €x is expressed as
€x ¼ x2tAi sin xttð Þ; cos xttð Þ½ T ð9Þ
Combining Eqs. (6)–(9), Eq. (5) can be written as
Mt x2tAi
  sin xttð Þ
cos xttð Þ
 
þ BtxtAiQ
sin xttð Þ
cos xttð Þ
 
¼ Hi
sin xttð Þ
cos xttð Þ
 
ð10Þ
Rewriting Eq. (10) in matrix form gives
Mt;Bt½ Ui ¼ Hi ð11Þ
where Ui ¼ x
2
tAi
xtAiQ
 
.
Note that Eq. (11) is in linear matrix form with 72 dynamic
parameters to be identiﬁed but only 12 linear equations
obtained for one sinusoidal vibration. To solve Eq. (11), all
the six sinusoidal vibrations that span the six-DOF coordinate
space need to be combined and written in matrix form:
½Mt;BtU ¼ H ð12Þ
where U¼ U1;U2;U3;U4;U5;U6½ ;H¼ ½H1;H2;H3;H4;H5;H6.
An important property of matrix U is that the matrix is well
conditioned because we choose to excite the system in each of
the six DOFs independently; hence, the information including
the inertial and friction parameters to be identiﬁed is well
excited.
It is important to note that not only inertial parameters but
also viscous friction parameters can be obtained using
Eq. (12). In other words, the phase shift due to viscous friction
that leads to an inaccurate identiﬁcation result mainly attribu-
ted to Eq. (B2) in Appendix B is modiﬁed in principle using the
identiﬁcation method based on Eq. (12).
Furthermore, we consider a nonlinear friction model at the
robot joints
Qfj ¼ Fcjsign _qj
 þ Fvj _qj ð13Þ
where Qfj is the friction force or torque of the joint j, Fcj is the
dry friction coefﬁcient, Fvj is the viscous friction coefﬁcient, _qj
the corresponding velocity.
We note that the dry friction term Fcjsign _qj
 
produces a
biased estimate of the inertial matrix. However, in this case,
the inertial matrix is related to the sign of the velocity and
the dry friction mainly affects the matrix of damping coefﬁ-
cients Bt that we are not interested in. Therefore, the proposed
approach has acceptable tolerance of dry friction.
The key roles are now played by Ai and Hi, which are the
matrices of harmonic coefﬁcients of the positional and force
measurements, Spi and Sfi, where i= 1–6. Ai and Hi are calcu-
lated using the observation matrix U having a basis function ineach column over the time span 0; 1; . . . ; t sampled at the same
frequency
U ¼ 1; t; sin xttð Þ; cos xttð Þ; sin 2xttð Þ; cos 2xttð Þ; . . .½  ð14Þ
Ai and Hi can then be found using the least-squares estima-
tion method
Ai;Hi½  ¼ UTU
 1
UT Spi;Sfi
  ð15Þ4. Identiﬁcation process
The above analysis of the identiﬁcation principle based on
sinusoidal vibrations provides a solid foundation for a novel
identiﬁcation process. The steps of the identiﬁcation approach
are summarized as follows:
(a) Excite the system in each of the six DOFs independently.
In this step, the test frequency of the ground harmonic
xt should be chosen below the lowest open loop ‘rigid’
eigenfrequency to avoid exciting relevant parasitic
ﬂexible modes of the system. Amplitudes of required
harmonic reference signals should be chosen properly
to minimize nonlinear effects caused by sx and to mod-
erate the exciting energy used for identiﬁcation.
(b) Preprocess data. The platform position Spi is obtained
using the forward kinematics solution and length signals
of measurement actuators li. The platform force in the
task space Sfi is calculated as F ¼ JTlxðsxÞfai, where fai is
the force signals of the measurement actuator.
Table 1 Conﬁguration parameters.
Parameter Description Value Unit
Ra Distribution radius of upper joint points 0.56 m
Rb Distribution radius of lower joint points 1.20 m
H Platform height in neutral position 1.64 m
a Half of the distributing angle for the upper joints 0.2343 rad
b Half of the distributing angle for the lower joints 0.1886 rad
D Piston diameter of hydraulic actuator 0.063 m
d Rod diameter of hydraulic actuator 0.045 m
Fig. 3 Designed hydraulically driven Stewart platform.
586 T. Tian et al.(c) Construct matrix U using Eq. (14).
(d) Calculate the matrices of harmonic coefﬁcients Ai and
Hi using the least-squares estimates method; i.e., Eq.
(15).
(e) Construct matrices U and H using matrices Ai and Hi
obtained in step (d).
(f) Solving Eq. (11), extracting inertial matrix Mt.Fig. 4 Simulink model of s
Table 2 Nominal dynamic parameters.
Parameter Description
m Payload mass
Icxx Moment of inertia of payload
Icyy Moment of inertia of payload
Iczz Moment of inertia of payload
h height of payload mass center
ia Inertia of actuator upper part around gimbal po
ib Inertia of actuator lower part around gimbal po
ma Mass of actuator upper part
mb Mass of actuator lower part
ra Mass center position of actuator upper part rela
rb Mass center position of actuator lower part relaA ﬂowchart depicting the iterative design procedures is
shown in Fig. 2.
5. Process simulation and experiment
Results of the identiﬁcation process implemented considering a
hydraulically driven Stewart platform are presented. First, the
identiﬁcation process is validated employing a simulated
manipulator built using SimMechanics software. Six
hydraulic actuators are used to link a moving platform and
base. The conﬁguration parameters are given in Table 1. The
process is then employed to identify the dynamic parameters
of a real manipulator constructed at the Harbin Institute of
Technology; see Fig. 3.
5.1. Simulation
The simulation model shown in Fig. 4 was built using
Simulink software. The model has ﬁve blocks on the top
level. The ﬁrst, leftmost block is a signal generator that canix-DOF Stewart platform.
Value Unit
178.6 kg
13.60 kgÆm2
13.60 kgÆm2
23.92 kgÆm2
0.16 m
int 2.11 kgÆm2
int 3.58 kgÆm2
15.65 kg
52.48 kg
tive to upper gimbal point 0.70 m
tive to lower gimbal point 0.71 m
Table 3 Identiﬁcation results obtained for a linear friction simulation model.
Parameter Method A Method B Nominal value Place in inertial
matrix MtIdentiﬁed value Error (%) Identiﬁed value Error (%)
mx(kg) 272.42 0.12 252.70 7.14 272.10 (1,1)
my(kg) 272.42 0.12 252.67 7.14 272.10 (2,2)
mz(kg) 272.75 0.11 272.75 0.11 272.44 (3,3)
Ixx(kgÆm
2) 30.65 0.45 23.41 23.98 30.79 (4,4)
Iyy(kgÆm
2) 30.65 0.45 23.41 23.97 30.79 (5,5)
Izz(kgÆm
2) 53.49 0.40 53.49 0.40 53.28 (6,6)
Mt(1,5) (kgÆm) 15.30 0.53 10.21 32.91 15.22 (1,5)
Mt(2,4) (kgÆm) 15.30 0.54 10.21 32.91 15.22 (2,4)
Mt(4,2) (kgÆm) 15.30 0.53 22.02 244.73 15.22 (4,2)
Mt(5,1) (kgÆm) 15.30 0.53 22.02 244.73 15.22 (5,1)
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is an inverse kinematics block used to calculate actuator com-
mands with respect to platform trajectories. The third is a
hydraulic system block including a simple PID controller
and hydraulic actuator model, each actuator’s velocity and
position information is obtained from the outputs of the
fourth block, plant block, which representing the equations
of motion built using SimMechanics software, with passive
joint friction added using a demo provided by Mathworks
Inc., with consideration of the inertial effects of actuators,
gravity and Coriolis/centripetal forces; therefore, nonlineari-
ties are considered in the simulation. The ﬁfth is a forward
kinematics block used to compute platform positions from
measured actuator lengths in real time. Nominal dynamic
parameters used in the simulation model with consideration
of the inertial effects of actuators are given in Table 2.
Linear and nonlinear friction models are used to model the
friction phenomenon at passive joints and hydraulic actuators.
For each friction model, it could be interesting to compare the
results obtained with the method proposed in this paper and
the method proposed in the literature,22–24 referred to as
Method A and Method B, respectively, and thus determine
whether the proposed method has improved accuracy. The
identiﬁcation results are presented in Table 3, where e is the
relative absolute error, the identiﬁed values of Method A
and Method B are obtained from simulation, and the nominal
value of inertial matrix Mt is obtained from analytic formula,
which means it is calculated using Eq. (A8) considering inertial
effects of all the actuators in Appendix A.Table 4 Identiﬁcation results obtained for a nonlinear friction simu
Parameters Method A Modiﬁed Method A
Identiﬁed values Error (%) Identiﬁed values Erro
mx(kg) 273.29 0.44 273.29 0.44
my(kg) 270.52 0.58 270.52 0.58
mz(kg) 265.74 2.41 265.74 2.41
Ixx(kgÆm
2) 32.52 5.62 32.52 5.62
Iyy(kgÆm
2) 30.57 0.71 30.57 0.71
Izz(kgÆm
2) 53.48 0.38 53.48 0.38
Mt(1,5) (kgÆm) 14.09 7.41 15.34 0.83
Mt(2,4) (kgÆm) 7.71 49.31 15.34 0.83
Mt(4,2) (kgÆm) 16.60 9.06 15.34 0.83
Mt(5,1) (kgÆm) 13.70 10.12 15.34 0.83Table 3 shows that Method A provides an accurate identi-
ﬁcation result for inertial matrixMt in the case that dry friction
in robot joints is ignored. In contrast, the error is dramatically
greater when using Method B taken from the literature22; the
maximum identiﬁcation error for the main diagonal parame-
ters of inertial matrix Mt is 60.34%. It is found that the iden-
tiﬁcation error for Method B is related to the coupling effect of
inertial matrix Mt by analyzing the phenomenon in detail; the
identiﬁcation result for mz and Izz is almost equal to the nomi-
nal value since there is no cross term, whereas the identiﬁcation
result for mx;my and Ixx; Iyy is affected by cross termsMt (1,5),
Mt (2,4) andMt (4,2),Mt (5,1). The reason is that the coupling
phase shift resulting from viscous friction of the cross term of
inertial matrix Mt was ignored in Eq. (B2) of the Method B
identiﬁcation process. This disadvantage is overcome employ-
ing the new identiﬁcation method in principle.
For the case that nonlinear friction models were used in the
simulation model, the identiﬁcation results are presented in
Table 4, where e is the relative absolute error, the identiﬁed
values of Method A, Modiﬁed Method A and Method B are
obtained from simulation, and the nominal value of inertial
matrix Mt is obtained from analytic formula.
Table 4 shows that the identiﬁcation errors for the two
methods increase when dry friction is added to robot joints.
In the case of Method A, the main diagonal parameters of
inertial matrix Mt that we are interested in are precise enough
for control purposes, with the maximum identiﬁcation error
being 5.62%. However, the identiﬁcation coupling parameters
of inertial matrixMt,Mt (1,5),Mt (2,4),Mt (4,2) andMt (5,1),lation model.
Method B Nominal
value
Place in inertial
matrix Mtr (%) Identiﬁed values Error (%)
244.14 10.28 272.10 (1,1)
242.20 10.99 272.10 (2,2)
265.74 2.46 272.44 (3,3)
30.09 2.27 30.79 (4,4)
16.55 46.23 30.79 (5,5)
49.44 7.21 53.28 (6,6)
4.27 71.96 15.22 (1,5)
5.85 61.53 15.22 (2,4)
30.00 297.11 15.22 (4,2)
32.79 311.50 15.22 (5,1)
588 T. Tian et al.are inaccurate. By analyzing these identiﬁcation coupling
parameters in detail, we established a simple modiﬁed formula
mqz ¼ 1
2
Mt 1; 5ð Þj j þ Mt 4; 2ð Þj jð Þ ð16Þ
The modiﬁed formula is effectively validated by vast sim-
ulation results as shown in Appendix C. The value of the modi-
ﬁed identiﬁcation coupling parameter obtained using Eq. (16)
is 15.34 kgÆm, with error of 0.83%.
5.2. Experiment
The control system of the hydraulically driven Stewart platform
designed in this paper is an electro-hydraulic servo system,
mainly consisting of a power supply, electro-hydraulic servo
valves, hydraulic cylinders, position sensors embedded in the
cylinders, servo-controller that is executed on an industrial
computer with aMatlab/RTW/rt-lab real-time system and a cli-
ent computer that sends commands to the target industrial com-
puter and receives the calculations of the target industrial
computer. The target industrial computer handles input/output
signals through two data acquisition cards (type DAQ/PCL-
818L) and communicates with the client via TCP/IP.
The actuator displacements li are measured by the position
sensors with resolution of 50 lm. The actuator force signals fai
are calculated according to fai ¼ A1P1i  A2P2i, where P1i and
P2i are pressures of the rodless chamber and rod chamber of
hydraulic cylinders measured by the pressure sensors with res-
olution of 25 mV noise on a 10 V scale. The sampling time for
the servo-controller is set to 2 ms.
Note that the identiﬁcation results for the dynamic parame-
ters rely on excitation trajectories.18 In our identiﬁcation
experiment, the excitation trajectory of the parallel manip-
ulator is designed as six simple sinusoidal vibrations that excite
the system in each of the six DOFs independently with sufﬁ-
cient acceleration (position) and force amplitude for accurate
measurement and sufﬁciently small positional amplitude for
the system to have only moderate nonlinear effects.
In our case, the ground harmonic is chosen as xt ¼ 4 Hz
for the reason mentioned in Step A of the identiﬁcation pro-
cess. The required harmonic reference signals for each DOF
in a separate test of positional amplitude are set to 4 mm in
the translational direction and 0.006 rad in the rotational
direction to obtain reasonable pressure (up to 25% of the full
load) and velocity (up to 20% of the maximum velocity)
amplitudes.
After verifying the identiﬁcation process for the simulated
manipulator, detailed results were obtained considering the
identiﬁcation of the dynamic parameters of the real hydrauli-
cally driven Stewart platform. The actual test length of each
vibrational test is 5 s.
In Fig. 5, the necessary platform positional and force sig-
nals are provided for all six typical sinusoidal vibration experi-
ments in estimating the inertial matrix. The ﬁgure shows that
the sinusoidal positional signals designed with only the ground
harmonic are well reproduced by the PID controller; therefore,
the ground harmonic acceleration and velocity amplitude can
be accurately determined taking the ground harmonic of
positional signals into account.
However, for force signals, nonlinear terms are more
complex than those in the simulation. Higher harmonic signalcomponents are caused by not only the Coriolis–centrifugal
force and dry friction but also a pressure jump in the
commutation of the asymmetric hydraulic cylinder25 and the
dynamics of the long-stroke hydraulic pipeline that we do
not considered in the simulation model.
The estimated inertial matrix is given in Table 5, where the
identiﬁed values of Method A, Modiﬁed Method A and
Method B are obtained from the experiment, and the nominal
value of inertial matrix Mt is obtained from analytic formula.
The inertial matrix becomes almost diagonal owing to the plat-
form’s main axes of inertia being set along the platform frame
axes, and the cross term mqz (Mt (1,5), Mt (2,4), Mt (4,2) and
Mt (5,1)) results from the center of gravity not coinciding with
the origin of the moving body frame.
In principle, the nominal inertialmatrix shouldbe symmetric,
whichmeansMt (1,5) =Mt (5,1) = mqz,Mt (2,4) =Mt (4,2) =
mqz and mz > mx ¼ my; Izz > Ixx ¼ Iyy when the inertial
effects of all the actuators are considered. The difference
between the nominal inertial matrix and identiﬁed
inertial matrix can give some impression of the errors resulting
from nonlinear terms. The difference between mx and my is
2 kg when employing Method A but 6.6 kg when employing
Method B.
In the case of employing Method A, the maximum
identiﬁed error is the difference between Ixx and Iyy, which is
3.4 kgÆm2 and almost equal to the difference in the case of
employing Method B (3.0 kgÆm2).
Comparing with the inertial matrix identiﬁed using the
nonlinear friction simulation model, it is found that the
changing trends of the two inertial matrices are similar;
e.g., the cross terms (Mt (1,5), Mt (2,4), Mt (4,2) and Mt
(5,1)) become inaccurate, the identiﬁed value of mz is lower
than the nominal value, and mx and my and Ixx and Iyy are
not equal in the identiﬁed inertial matrix. Hence, dry fric-
tion must be regarded when the dynamic parameters of
the real parallel manipulator are identiﬁed. In this situation,
a modiﬁed identiﬁcation coupling parameter of 27.75 kgÆm
can be obtained using Eq. (16), the modiﬁed formula pro-
posed in this paper.
Comparing with the identiﬁed values identiﬁed using the
Modiﬁed Method A and the nominal values which are
obtained from analytic formula, it is found that
(1) For mass parameters of inertial matrix ðmx;my ;mzÞ, the
maximum identiﬁcation error is 6.3 kg, 2.3%.
(2) For inertial parameters of inertial matrix ðIxx; Iyy ; IzzÞ,
the maximum identiﬁcation error is 1.6 kgÆm2, 6.4%.
(3) For the cross terms (Mt (1,5), Mt (2,4), Mt (4,2) and Mt
(5,1)), the identiﬁcation error is 12.52 kgÆm, 82%.
By analyzing the error of data between analytic formula
and experiments result, we found that the identiﬁcation error
increases with inertial effects increasing caused by the actua-
tors in identiﬁed inertial values. Especially for the cross terms,
the max identiﬁcation error is 82%, which is much larger than
the identiﬁcation error of mass and inertial parameters of iner-
tial matrix. The essential reason is the uncertainty on the
dynamic parameters of actuators ðia; ib;ma;mb; ra; rbÞ between
CAD model and experimental platform.
The nonlinear friction effect on dynamic-parameter identi-
ﬁcation will be further studied in future work.
Fig. 5 Platform positional and force signals in all six typical sinusoidal vibration experiments.
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Table 5 Experiment identiﬁcation results.
Parameter Method A Modiﬁed Method A Method B Nominal value Place in inertial matrix Mt
Identiﬁed value Identiﬁed value Identiﬁed value
mx(kg) 276.3 276.3 272.4 272.10 (1,1)
my(kg) 278.3 278.3 279.0 272.10 (2,2)
mz(kg) 275.7 275.7 275.6 272.44 (3,3)
Ixx(kgÆm
2) 23.4 23.4 25.0 30.79 (4,4)
Iyy(kgÆm
2) 26.8 26.8 28.0 30.79 (5,5)
Izz(kgÆm
2) 59.3 59.3 62.0 53.28 (6,6)
Mt(1,5) (kgÆm) 29.1 27.75 27.0 15.22 (1,5)
Mt(2,4) (kgÆm) 61.3 27.75 63.4 15.22 (2,4)
Mt(4,2) (kgÆm) 26.4 27.75 26.3 15.22 (4,2)
Mt(5,1) (kgÆm) 45.2 27.75 46.0 15.22 (5,1)
590 T. Tian et al.6. Conclusions
(1) A compact identiﬁcation process that allows estimation
of the relevant dynamic parameters of the six-DOF par-
allel manipulator through identifying a (6 · 6) inertial
matrix from the results of six persistently exciting peri-
odic motion tests is proposed in this paper. By solving
linear equations based on the ground harmonic of sinu-
soidal vibrations, velocity-related (friction) and higher
order terms (nonlinearities) have minimal effect on the
procedure.
(2) The proposed identiﬁcation procedure is validated ini-
tially by considering a simulated parallel manipulator
for which linear and nonlinear friction models are
applied to passive and active joints, respectively. The
obtained results show that the new identiﬁcation proce-
dure is able to handle the coupling phase shift associated
with the cross term of viscous friction and can tolerate
dry friction using a modiﬁed formula with a simple cou-
pling parameter.
(3) An experiment is carried out to identify the dynamic
parameters of an actual manipulator of this structure.
The effect of nonlinear friction in parameter identiﬁca-
tion is demonstrated by comparing an inertial matrix
obtained from experimental results and a nonlinear fric-
tion simulation model.
(4) In particular, the proposed identiﬁcation process can be
applied to any parallel manipulator or closed-link
mechanism.Acknowledgement
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Considering inertial effects of all the actuators of a Stewart
platform, the inertial matrix is described by
Mt ¼ Mc þ
X6
i¼1
JTai ;x Mai þMbi þMia;i ;ib;i
 
Jai ;x ðA1ÞwhereMc is the center mass matrix of payload,Mai is the mass
matrix caused by upper part of the ith actuator,Mbi is the mass
matrix caused by lower part of the ith actuator and Mia;i ;ib;i is
the mass matrix caused by coupling effect between upper part
and lower part of the ith actuator; Jai ;x is the Jacobian matrix
relating the ith upper joint velocity to platform velocity, where
i= 1–6, respectively.
The Jacobian matrix Jai ;x is expressed as
Jai ;x ¼ I33;T eAmi 	TTT  ðA2Þ
where eAmi is a skew symmetric matrix of the upper joint
vector ai.
Mc is expressed as
Mc ¼
mI33 033
033 Ic
" #
¼
mI33 033
033 TImT
T
" #
¼
mI33 033
033 Tdiag Icxx; Icyy; Iczz
 T 	
TT
24 35 ðA3Þ
where 033 is 3 · 3 zero matrix.
Mai , Mbi and Mia;i ;ib;i is expressed as
Mai ¼ mai I33  Pln;i þ
lij j  raið Þ2
lij j2
Pln;i
 !
ðA4Þ
Mbi ¼ mbi
r2bi
lij j2
Pln;i ðA5Þ
Mia;i ;ib;i ¼
iai þ ibið Þ
lij j2
Pln;i ðA6Þ
where mai and mbi are the upper-part mass and lower-part mass
of the ith actuator; iai and ibi are scalar values representing iner-
tia moments of the upper part and lower part of the ith actuator
around joint point ai and bi, respectively; rai is the distance from
the upper joint point ai to the mass center of the actuator upper
part, rbi is the distance from the lower joint point bi to the mass
center of the actuator lower part; li is a 3 · 1 vector between two
joint points of an actuator, ln;i is a 3 · 1 unit vector of li;Pln;i is
the projection matrix, which is expressed as
Table C1 Simulation results.
Bdry(N) Mt(1,5) (kgÆm) Mt(2,4) (kgÆm) Mt(4,2) (kgÆm) Mt(5,1) (kgÆm) mqz (kgÆm) Error (%)
20 15.4975 15.6196 15.2979 15.4357 15.3977 1.18
40 16.4848 16.1324 15.6750 14.9834 16.0799 5.66
60 15.5342 15.5309 15.3534 15.4664 15.4438 1.48
80 16.7364 15.4829 15.3970 13.9103 16.0667 5.58
100 14.6947 17.0624 15.8420 13.9103 15.2684 0.33
120 14.1689 16.4329 15.1225 13.5378 14.6457 3.76
140 15.5917 12.6906 14.6647 16.5227 15.1282 0.59
160 15.1452 9.1456 16.8141 14.0299 15.9797 5.00
180 17.1730 9.0880 14.8156 13.0589 15.9943 5.10
200 14.0911 7.7142 16.5967 13.6786 15.3439 0.83
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It is assumed that all the six actuators are identical and
have the same inertial parameters, which means ma ¼ mai ,
mb ¼ mbi , ia ¼ iai , ib ¼ ibi , ra ¼ rai and rb ¼ rbi , where i= 1–6,
respectively. Then a concise explicit expression of the inertial
matrix Mt can be derived by using Eq. (A1) at a neutral posi-
tion when the platform’s main axes of inertia are set along the
platform frame axes.
Using the unitary direction vector ln;1 ¼ ln1x; ln1y; ln1z
 T
, the
upper joint vector a1 ¼ a1x; a1y; a1z
 T
and the cross vector
v1 ¼ v1x; v1y; v1z
 T
, which is expressed as
v1x ¼ ln1za1y  ln1ya1z
v1y ¼ ln1xa1z  ln1za1x
v1z ¼ ln1ya1x  ln1xa1y
8><>: ðA8Þ
Then the inertial matrix Mt can be written as
Mt ¼
mx 0 0 0 mqz 0
0 my 0 mqz 0 0
0 0 mz 0 0 0
0 mqz 0 Ixx 0 0
mqz 0 0 0 Iyy 0
0 0 0 0 0 Izz
26666666666664
37777777777775
ðA9Þ
where
mx ¼ my ¼ mþ 3 ma 1 l2n1z
 þmimab 1þ l2n1z  ;
mz ¼ mþ 6 mal2n1z þmimab 1 l2n1z
  
;
Ixx ¼ Icxx þ 3 mimab a21x þ a21y þ 2a21z  v21y þ v21z
 	 	
þma v21x þ v21y
 		
;
Iyy ¼ Icyy þ 3 mimab a21x þ a21y þ 2a21z  v21y þ v21z
 	 	
þþma v21x þ v21y
 		
;
Izz ¼ Iczz þ 6 mimab a21x þ a21y  v21z
 	
þmav21z
 	
;
mqz ¼ 3 mimab ln1xv1y  ln1yv1x  2a1z
 ma ln1xv1y  ln1yv1x  :
here, mimab is the mass caused by coupling effect between upper
part and lower part of the actuator, expressed as
mimab ¼ 1
L2
ia þ ib þmbr2b þma L rað Þ2
 	
ðA10Þwhere L is the length of actuator at a neutral position.
Appendix B
In contrast to the estimation Eq. (5) used in this paper, the
Ref. 20 splits the ground harmonic function Fs;c into two parts:
one part is in phase with the position, and the other is shifted
by p/2 rad so that it is in phase with the velocity.
By only considering the part of the signal (force, position)
that is in phase with position, the viscous friction forces drop
out. The estimation equation is then expressed as
Mt ¼ Ft €X1t ðB1Þ
Eq. (B1) combines all the six experiments in a matrix equation
form; the force basic harmonic amplitude, fti, is stacked in the
columns of Ft and the acceleration amplitude, €xti, is stacked
into €Xt of the ith experiment. The amplitudes of the accel-
erations are easily obtained from the position as €xti ¼ x2txti.
The columns fti and €xti of the matrices Ft and €Xt of Eq. (B1)
are calculated according to
fTti ;x2t €xTti
  ¼ real ej/p c3fi þ jc4fic3pi þ jc4pi    ðB2Þ
where /p is the phase of the platform coordinate that is tested.
c3 and c4 denote the third and fourth rows of the coefﬁcient
matrices Cfi and Cpi.
The coefﬁcient matrices for the platform forces Cfi and
positions Cpi are the least-squares estimates found using
Cfi;Cpi
  ¼ UTU 1UT Sfi;Spi  ðB3Þ
Appendix C
The modiﬁed formula including the coupling parameter is ver-
iﬁed using a simulated hydraulically driven Stewart platform
with a series of values for the dry friction in the hydraulic
cylinder. The max dry friction Bdry is up to 20% of the exciting
force of 200 N. The simulation results are presented in
Table C1.
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